Abstract: In recent years, α-galactosidase has been attracting more and more attention because of its potential applications in many aspects. Using reverse transcription-polymerase chain reaction and rapid amplification of cDNA ends, a full-length cDNA sequence composed of 2,439 bp was cloned from Penicillium janczewskii zaleski and was subcloned into pPICZαA and transformed into Pichia pastoris strain X-33. In a 10-L fermentor, the recombinant yeast expressed α-galactosidase with a yield of 254 U/mL by methanol induction for 120 h. The recombinant enzyme showed the optimal activity at 40
Introduction α-Galactosidases (EC 3.2.1.22) are involved mainly in the degradation of the terminal, non-reducing α-D-galactose residues in galacto(gluco)mannans, which form a second group of hemicellulolytic structures present in plant cell walls. This enzyme has been attracting more and more attention because its potential biotechnological applications in many aspects, such as conversion of serological type (Goldstein et al. 1982) , improving the gelling property (McCleary & Neukom 1982) , increasing the sucrose yield in the beet sugar industry (Yamane 1971) , and eliminating raffinose-family oligosaccharides existing in the legume (Guimaraes et al. 2001) .
α-Galactosidases have been classified based on the primary sequence similarities into glycoside hydrolase (GH) families GH27, GH36, GH4 and GH57 (Henrissat & Bairoch 1993 , 1996 Naumoff 2004; Zona et al. 2004) . The majority of α-galactosidases belong to GH27 and GH36, which comprise a superfamily (clan GH-D). Several genes encoding α-galactosidases have been cloned and characterized from the filamentous fungus Penicillium sp.; αGal and AGL1 have been assigned to GH27 (Luonteri et al. 1998; Shibuya et al. 1998) , while agl1 belongs to GH36 (Mi et al. 2007 ). Family GH4 contains bacterial α-galactosidases along with β-phospho-glucosidases and α-glucosidases (van Lieshout et al. 2003) . Family GH57 is mainly composed of thermostable enzymes from hyperthermophilic bacteria and archaeons (Janecek 2005) , which exhibit α-amylase, α-galactosidase, amylopullulanase, branching enzyme and 4-α-glucanotransferase specificities (van Lieshout et al. 2003; Zona et al. 2004; Murakami et al. 2006; Jiao et al. 2011) .
Previous studies of our laboratory (Wang et al. 2004 ) have demonstrated that a filamentous fungus Penicillium janczewskii zaleski (China General Microbiological Culture Collection Center No. 0668) can produce an α-galactosidase during solid-state fermentation, but the sequence data was not clear. In this paper we report on the successful cloning of the complete cDNA sequence. The expression of the α-galactosidase in Pichia pastoris was also examined and the characteristics of the recombinant α-galactosidase were investigated. Primer Sequence
a EcoRI site at the 5'-end and XbaI site at the 3'-end (underlined) were introduced into the Agl-wt-F and Agl-wt-R, respectively. Fig. 1 . Alignment of Penicillium janczewskii zaleski α-galactosidase partial amino acid sequence with α-galactosidases from Aspergillus niger (GenBank: XP 001393350) and Penicillium sp. F63 (GenBank: ABC70181). Identical residues were marked with a dash (-). Degenerate primers P1 and P2 were designed according to the arrowed amino acid sequence stretches.
Material and methods

Strains, vectors and chemicals
A filamentous fungus of P. janczewskii zaleski, isolated from the soil in the Taihe district, Jinzhou city of Liaoning province, China, was deposited under the number of China General Microbiological Culture Collection Center (CGMCC) 0668. Escherichia coli Top10 and pUCm-T (Sangon, Shanghai, China) were used as the cloning system. P. pastoris strain X-33 and pPICZαA plasmid containing an α-factor secretion signal for directing secreted expression (Invitrogen) were used as the expression system. Yeast extract and tryptone were purchased from Oxoid (Hampshire, England). All other chemicals used in this study were of analytical grade and commercially available. All primers used in this paper were synthesized by Sangon Corp. (Shanghai, China) and are listed in Table 1 .
Cloning of full-length P. janczewskii zaleski α-galactosidase gene, agl1 P. janczewskii zaleski was grown in Luria-Bertani media in shake flask at 28
• C for 72 h. Total RNA was isolated from mycelia using RNeasy Plant Mini Kit according to manufacturer's instructions (Qiagen, USA). By BLAST searching (http://blast.ncbi.nlm.nih.gov/Blast.cgi), two highly similar amino-acid fragments (LPGLPA and DYNQSSI) between Aspergillus niger (GenBank: XP 001393350) and Penicillium sp. F63 (GenBank: ABC70181) were revealed (Fig. 1) . Degenerate primers P1 and P2 were subsequently designed according to these two amino acid sequence stretches. Reverse transcription of 2 µg total RNA was reverse transcripted into cDNA using oligo(dT)23 at 42 • C for 10 min. PCR products were detected on a 1% agarose gel and purified using the gel extraction kit (Omega, USA). Purified PCR product was ligated into pUCm-T vector and transformed into theE. coli Top10. The positive clones were sequenced on a model 377 automated DNA sequencer (Applied Biosystems, CA, USA). 5' and 3' rapid amplification of cDNA ends (RACE) was performed to determine the full-length cDNA sequence using the SMART TM RACE cDNA Amplification Kit (Clontech, USA) according to manufacturer's instructions. For 5'-RACE PCR, the specific primers GSP1 and GSP2 were designed according to the sequence acquired. GSP3 was used for the 3'-RACE PCR. The full-length cDNA sequence of the gene agl1 was amplified with the primers of Px and Py. The products of 5', 3'-RACE and fulllength cDNA, were purified using Cycle-Pure Kit (Omega, USA), ligated into the pUCm-T vector, and transformed into the E. coli Top10. The positive clone, designated as pUCm-T-agl, was sequenced.
Genomic DNA was extracted with a yeast genomic DNA extraction kit (Tiangen, Beijing, China). Primers Px and Py were used to amplify the agl1 gene from chromosomal DNA sequence, and the amplified PCR products were ligated into pUCm-T vector and the resulting recombinant plasmid was sequenced.
Sequence analysis in this study was conducted using the DNAMAN software (Lynnon Biosoft, version 5.2.2, Quebec, Canada).
Construction of α-galactosidase expression plasmid and expression with methanol induction
The agl1 gene without signal peptide sequence was amplified by PCR using Agl-wt-F and Agl-wt-R as the primers and the recombinant plasmid pUCm-T-agl as the template. Two specific restriction sites, EcoRI and XbaI, were introduced into the two termini of the PCR product, respectively. The PCR product digested with EcoRI and XbaI was ligated into pPICZαA pre-treated with the same restriction enzymes. After being transformed into E. coli Top10, the positive clone pPIC-agl1 was selected on low-salt Luria-Bertani plates (5 g/L NaCl, 10 g/L tryptone, 5 g/L yeast extract, and 15 g/L agar) containing 25 µg Zeocin/mL (Invitrogen). The plasmid was confirmed by EcoRI, XbaI digestion, and DNA sequencing.
Ten µg of the recombinant plasmid pPIC-agl1 linearized with SacI was transformed into P. pastoris X-33 by electroporation. The transformants were screened on yeast extract peptone dextrose medium with sorbitol plate (containing 100 µg Zeocin/mL) for 3-4 days. Ten colonies randomly selected were cultured in 10 mL of buffered glycerolcomplex medium at 28
• C and 250 rpm, respectively. When OD600 of the culture reached 4, cells were collected by centrifugation at 4,000 rpm for 5 min, re-suspended into 40 mL of buffered methanol-complex medium, and then grew in a 250 mL flask at 28
• C and 250 rpm. Inductive expression was carried out with the addition of methanol (0.5% v/v) every 24 h at 28
• C which last for 3 days. The P. pastoris transformant with the highest α-galactosidase activity was selected and cultured in a 250-mL shaker flask containing 40 mL of buffered glycerol-complex medium at 28
• C and 250 rpm for 24 h. Cells were pelleted and transferred into 4-L of basal salt medium with PTM1 trace salts solution and grown at 28
• C and pH 5 in a 10-L fermentor (Baoxing, Shanghai, China). The PTM1 trace salts solution contains per liter: CuSO4·5H2O 6 g, KI 0.08 g, MnSO4·H2O 3 g, Na2MoO4·2H2O 0.2 g, H3BO3 0.02 g, ZnCl2 20 g, FeCl3 13.7 g, CoCl2·6H2O 0.9 g, H2SO4 5 mL, and biotin 0.2 g. The fermentation process was divided into two phases, including a biomass-accumulation phase and a methanol-induction phase. Airflow and agitation were adjusted to a level that the dissolved oxygen concentration was above 20%. When all the initial glycerol in the medium was used up, as indicated by a dissolved oxygen spike, a fed-batch glycerol was initiated by feeding 50% glycerol (40 mL/h) until the cell wet weight reached above 150 g/L. Then, the methanol induction phase was immediately triggered by addition of methanol with feeding rate of 12 mL/h for the first 2 h, 24 mL/h for another 2 h, and then at 30 mL/h until the end. The culture pH value ranging from 5 to 5.5 was automatically adjusted by the addition of ammonium hydroxide. Proteins in the supernatant of the culture were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and stained with Coomassie Brilliant Blue R-250.
Protein purification Total 10 mL of the supernatant obtained from fermentation was loaded on an anion-exchange column (UNOsphere Q Strong Anion Exchange Support, 2.6 cm × 20 cm, BioRad) pre-equilibrated with buffer A (20 mM Tris-HCl buffer, pH 8.5). The column was then washed with buffer B (20 mM NaCl, 20 mM Tris-HCl buffer, pH 8.5) to remove unabsorbed proteins. Proteins were eluted with the step gradient of NaCl in 20 mM Tris-HCl buffer (pH 8.5) at a flow rate of 1 mL/min. The active fractions were pooled and detected by 10% SDS-PAGE. Protein concentration was measured using Micro-BCA Protein Assay Reagent (Pierce, USA).
Deglycosylation of recombinant α-galactosidase
Approximately 2 µg of purified α-galactosidase were deglycosylated by denaturing the glycoprotein at 100
• C for 10 min, and then endoglycosidase H (New England Biolabs) was added to perform deglycosylation at 37
• C for 45 min. The residual activity of the enzyme was detected. The deglycosylated protein was detected by 10% SDS-PAGE.
Enzyme activity assay α-Galactosidase activity was detected as described by Rezessy-Szabo et al. (2007) . One unit of the α-galactosidase activity was defined as the amount of enzyme liberating 1 µmol of p-nitrophenol per min at 40
• C and pH 5.2.
Enzyme properties
The optimum temperature was determined by incubating the enzyme for 10 min at the temperatures ranging from 20 to 60
• C and pH 5.2. To determine the thermal stability, the enzyme was incubated at 35, 37 and 40
• C for different time periods, respectively. The residual activity was measured at 40
The optimum pH of the recombinant α-galactosidase was analyzed by incubating it with the p-nitrophenyl-α-Dgalactopyranoside (pNPG) in citrate-phosphate buffer (pH 4 to 8) at 40
• C for 10 min. To determine the pH stability, the enzyme was incubated at a pH from 3.6 to 8 at 40
• C for 30 min, and the residual activity was measured at 40
• C with a 5.2 pH level.
The enzyme was pre-incubated with various metal ions and ethylenediaminetetraacetic acid (EDTA) with a 10 mM final concentration in citrate-phosphate buffer (pH 5.2) at 4
• C for 1 h. The residual enzyme activity was performed using standard method described above.
Kinetic studies
Kinetic experiments were performed at 40
• C with the optimum pH. The Michaelis-Menten constant (Km) and maximal velocity (Vmax) values were determined by the Lineweaver-Burk plotting of the initial rate of the hydrolyzing reactions. The synthetic substrate pNPG in the range from 0.05 to 0.5 mM, and the natural substrates melibiose (1.5 to 11.5 mM), raffinose (1.5 to 8.5 mM) and starchyose (0.28 to 2.25 mM) were used.
Substrate specificity
One mL of melibiose, raffinose, and stachyose (1 mg/mL) in citrate-phosphate buffer (pH 5.2) each mixed with 3 U of the recombinant α-galactosidase expressed by P. pastoris were incubated at 37
• C for different time periods, respectively. The same dose of enzyme inactivated by boiling for 5 min was used as a negative control. The galactose released from oligosaccharides was determined by the ion chromatography (DIONEX, ICS-3000) using CARBOPAC PA10 high performance anion-exchange column (4 mm × 250 mm) and the electrochemical amperometric detector (DIONEX) at 30
The mobile phase was 23 mM NaOH and the flow rate was 1 mL/min.
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Results and discussion
Cloning and sequence analysis of α-galactosidase gene from P. janczewskii zaleski The complete cDNA sequence of the gene agl1 from P. janczewskii zaleski was amplified using reversetranscription PCR and RACE-PCR. A set of degenerate primers P1 and P2 was designed to amplify the partial α-galactosidase gene according to the reported sequences of filamentous fungi A. niger and Penicillium sp. F63; and a 833 bp fragment was obtained. Based on the obtained sequence, 5'-and 3'-RACE were performed to clone the termini of the full-length cDNA sequence, respectively. The full-length cDNA sequence was composed of 2,439 bp containing a 2,247-bp open reading frame, a 152-bp 3'-untranslated region with a polyadenylation signal, and a 40-bp 5'-untranslated region. The ATG codon at nucleotide position 41-43 in the α-galactosidase cDNA sequence was used as translation initiation site of the gene agl1, which was preceded with a typical ribosome binding site AGGAG (Kozak 1983 ). However, it was reported that GUG is considered the initiation codon of Agl1 gene in Penicillium sp. F63 (Mi et al. 2007 ), which is rare in eukaryotic cells. The nucleotide sequence (GenBank: FJ656048) analysis showed that G+C content was of 53.7%. Only one 57 bp long intron was found in the α-galactosidase sequence of the genomic DNA (GenBank: FJ656049). The entire protein deduced from the open reading frame comprised 748 amino acid residues and possessed 7 potential N-glycosylation sites (N-X-S/T). The molecular weight calculated from the predicted amino acid sequence was 81,837 Da, and the theoretical isoelectric point was 5.05. The deduced protein contained a signal peptide sequence of 26 amino acids at the N-terminus, determined online (http://www.cbs.dtu.dk/services/SignalP/). The mature α-galactosidase containing 722 amino acids has a molecular weight of 79,152 Da.
The deduced amino acid sequence of the P. janczewskii zaleski α-galactosidase was compared with available α-galactosidase amino acid sequences (data not shown). TheP. janczewskii zaleski α-galactosidase displayed the highest identity of 78% to that from Penicillium sp. F63 (GenBank: ABC70181), which belongs to family GH36. Also by using the online analysis (http://Swissmodel.expasy.org/), which analyzes the amino acid sequence, it was identified that the P. janczewskii zaleski α-galactosidase belongs to GH36. Multiple protein sequence alignment revealed that two key aspartic acid residues play the roles of catalytic nucleophile and proton donor in the enzyme active center (Naumoff 2004 ). There was a very low percentage of similarities between the α-galactosidase from P. purpurogenum (GenBank: BAA22992) and P. simplicissimum (GenBank: CAA08915), which belong to the family GH27. Previous phylogenetic analysis showed that GH27 appears to be monophyletic families, whereas the GH36 family is a polyphyletic one (Naumoff 2004) . Over-expression of α-galactosidase gene in P. pastoris In this experiment, an inducing expression vector pPICZαA of P. pastoris was used in which the foreign protein was secreted as directed by α-mating factor of Saccharomyces cerevisiae. The α-galactosidase gene agl1 was ligated into pPICZαA EcoRI and XbaI sites, downstream of Kex2 and Stem13 sites in order to obtain the recombinant protein without the α-mating factor. Ten transformants selected randomly were cultured in flasks and induced with methanol for 3 days. The recombinant strain X-33/agl1-6 produced the highest yield of α-galactosidase activity with 11.5 U/mL, as determined at pH 5.2 and 40
• C. Then, the strain X-33/agl1-6 was cultured in a 10-L fermentor. When induced with a continuous methanol feeding for 120 h, the final yield of α-galactosidase secreted into the culture medium reached 254 U/mL (Fig. 2) . To our knowledge, this heterologously expressed α-galactosidase in P. pastoris shows the highest activity level compared to the reported studies. Shibuya et al. (1998) proved that P. purpurogenum α-galactosidase was expressed in S. cerevisiae with the activity of 63 U/mL. Mi et al. (2007) reported the activity of Penicillium sp. F63 α-galactosidase, expressed in P. pastoris, reached 111 U/mL, which is the highest expression level of the enzyme activity against pNPG as the substrate reported.
Proteins in the supernatant of the fermentor culture were separated by SDS-PAGE (Fig. 3) . SDS-PAGE analysis followed by a Coomassie Brilliant Blue R250 staining showed the recombinant protein with a molecular weight of approximately 100 kDa, which was not in agreement with the calculated molecular weight; the disagreement was probably due to glycosylation. Glycosylation is a common phenomenon in many eukaryotic microorganisms (Funaguma et al. 1991) . Shibuya et al. (1998) found that P. purpurogenum α-galactosidase was highly glycosylated. To determine whether this change Fig. 3 . SDS-PAGE analysis of the recombinant α-galactosidase produced in a 10-L fermentor. Lane 1: standard protein markers; lanes 2-7: α-galactosidase protein from P. pastoris transformant induced by methanol at 0 h, 24 h, 48 h, 72 h, 96 h and 120 h. The amount of the supernatant was 10 µL. was due to glycosylation, a deglycosylation analysis was performed. After treatment with endoglycosidase H, no residual activity was detected, which indicated that glycosylation plays an important role in maintaining activity of the α-galactosidase. SDS-PAGE analysis exhibited only a single band located at approximately 80 kDa (Fig. 4) , which proved that P. janczewskii zaleskiα-galactosidase was highly glycosylated.
The recombinant enzymatic protein expressed by P. pastoris was purified by ion-exchange chromatography (Fig. 5) . Approximately 10 mg of homogeneous α- galactosidase was obtained. The specific activity of the purified α-galactosidase against pNPG was 75.1 U/mg.
Characterization of the P. janczewskii zaleski α-galactosidase The α-galactosidase displayed an optimum pH against the substrate pNPG at 5.2, and the enzyme at the pH ranging from 4 to 6.8 showed more than 50% residual activity compared to its optimum pH (Fig. 6) . The effect of pH value on the enzyme stability is illustrated in Figure 7 . The residual activity was more than 50% after 30 min incubation at pH 4-6.8. The optimum temperature for the activity of the recombinant enzyme was determined to be 40
• C at pH 5.2 (Fig. 8) . At pH 5.2, the Fig. 7 . Effect of pH on the stability of the recombinant α-galactosidase. To estimate the pH stability, the recombinant enzyme was incubated at various pH (3.6-8) for 30 min and the residual activity was determined at pH 5.2 and 40 • C using pNPG as substrate. effect of temperature on the enzyme stability was investigated and the relative activity (%) is shown in Figure ) and EDTA had no significant influence on the α-galactosidase activity (Table 2) .
Substrate specificity and kinetic studies The ability of the recombinant α-galactosidase hydrolyzing oligosaccharides was determined with hydrolysis experiments, and the results were summarized in Figure 10 and Table 3 . The recombinant enzyme hydrolyzed most of the oligosaccharides during the former 12 h, which could be reflected from the content of Fig. 9 . Effect of temperature on the stability of the recombinant α-galactosidase. To estimate thermal stability, the recombinant enzyme was incubated at various temperatures for different time periods at pH 5.2. The residual activity was determined at pH 5.2 and 40 • C using pNPG as substrate. D-galactose released (Fig. 10) . The enzyme hydrolyzed these substrates in the following order: melibiose > raffinose > starchyose ( Table 3) ; showing that melibiose was rapidly hydrolyzed to galactose and glucose, raffinose was in the middle, whereas hydrolysis of stachyose was relatively slow, which was in agreement with the results achieved by Gote et al. (2006) . The recombinant enzyme is highly specific for hydrolysis of small oligosaccharides, which may be related to the primary structure of fungal α-galactosidase of family GH36 (Luonteri et al. 1998) .
The recombinant enzyme exhibited a K m for pNPG of 1 mM. For melibiose, raffinose and stachyose, the K m value was 16, 17.8 and 5.3 mM, respectively. The V max value for the recombinant enzyme was 227.3, 116.7, 104.8, and 80.6 µM/min using pNPG, melibiose, raffinose and stachyose as substrates, respectively. Results 96.10 ± 2.50
Control 100
a Mean ± SE. Experimental data were determined in triplicate. Metal ions or EDTA were individually added up to a final concentration of 10 mM. of the kinetic studies indicated that the recombinant enzyme had a higher affinity (lower K m ) and higher rate of hydrolysis (higher V max ) with pNPG than with melibiose, raffinose and stachyose; a fact that was in agreement with Mi et al. (2007) .
Conclusions
The α-galactosidase gene was isolated from P. janczewskii zaleski and was expressed in P. pastoris, which belongs to family GH36. The optimal temperature and pH of recombinant α-galactosidase were 40
• C and 5.2, respectively. Various metal ions and EDTA had no influence on the α-galactosidase activity. The biochemical and molecular properties as well as the substrate specificity show that this enzyme may be considered as a novel GH36 member. The biochemical characteristics suggest that the recombinant α-galactosidase has a prospective application in feed industry as an additive. Further study will focus on how to increase the protein yield of the α-galactosidase produced by the recombinant yeast in the level of pilot fermentation.
